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Abstract 

The NASA’s Evolutionary Xenon Thruster (NEXT) project is developing an advanced ion propulsion 
system for future NASA missions for solar system exploration. An engineering model (EM) power 
processing unit (PPU) for the NEXT project was designed and fabricated by L-3 Communications under 
contract with NASA Glenn Research Center (GRC). This modular PPU is capable of processing up from 
0.5 to 7.0 kW of output power for the NEXT ion thruster. Its design includes many significant 
improvements for better performance over the state-of-the-art PPU. The most significant difference is the 
beam supply which is comprised of six modules and capable of very efficient operation through a wide 
voltage range because of innovative features like dual controls, module addressing, and a high current 
mode. The low voltage power supplies are based on elements of the previously validated NASA Solar 
Electric Propulsion Technology Application Readiness (NSTAR) PPU. The highly modular construction 
of the PPU resulted in improved manufacturability, simpler scalability, and lower cost. This paper 
describes the design of the EM PPU and the results of the bench-top performance tests. 

I. Introduction 

NASA Glenn Research Center (GRC) and its team, including Aerojet, L-3 Communications Electron 
Technologies, Inc., (L-3), Swales Aerospace, and the Jet Propulsion Laboratory (JPL), is developing a 
next generation ion propulsion system for a wide range of NASA missions to explore a variety of 
destinations in the solar system under the NASA’s Evolutionary Xenon Thruster (NEXT) project (ref. 1). 
This system represents a significant improvement over the state-of-the-art (SOA) NASA’s Solar Electric 
Propulsion Technology Application Readiness (NSTAR) ion propulsion system because each element 
delivers higher performance and has lower specific mass. 

The NEXT system elements consist of a 36 cm beam diameter ion thruster, a modular 7.0 kW power 
processing unit (PPU), a highly flexible propellant management system (PMS), a lightweight gimbal, and 
digital control interface unit (DCIU) simulator as shown in the diagram in figure 1 . The thruster has a 
36 cm beam diameter with 2-grid ion optics and is capable of extracting 3.52 A of beam current at 
6.9 kW. This is 3 times the power of the NSTAR thruster, but can still be throttled down to 0.5 kW 
(refs. 2 to 3). The PPU consists primarily of six power supplies that process power for a variety of thruster 
inputs and a “slice” circuit that transmits controls, status, and telemetry through a digital interface (refs. 4 
to 5). The PMS consists of a high pressure assembly (HP A) and a low pressure assembly (LPA), which 
use a thermal-throttle flow control device and a proportional flow control valve to provide independent 
xenon flow control to the main discharge chamber, and the discharge and neutralizer cathodes (ref. 6). 
Both the PPU and PMS are controlled by the DCIU simulator computer, which will be used as a tool to 
develop and validate control algorithms and support system integration tests (ref. 7). The final element of 
the system is the lightweight thruster gimbal that can position the thruster over two axes (ref. 8). 
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Figure 1. — Diagram of NEXT single-string elements. 



Figure 2. — NEXT breadboard PPU. 


L-3 was responsible for the development of a breadboard PPU during the Phase 1 effort (ref. 5). This 
unit, shown in figure 2, was successfully demonstrated during a single-string integration test at GRC in 
the summer of 2003, which included an engineering model (EM) thruster developed by GRC and a 
breadboard PMS developed by Aerojet (ref. 9). 

The development of an EM PPU with flight-like form, fit, and function is occurring during Phase 2. 
After a bench-top performance test to verify functionality, the unit will be shipped to GRC for an 
integration test with an EM thruster. The EM PPU will then be subjected to qualification level 
environmental tests including vibration, electromagnetic interference/electromagnetic compatibility 
(EMI/EMC), and thermal/vacuum tests at L-3. It will then be integrated with the rest of the EM system 
and PM thruster, under DCIU simulator control, in a single-string integration test later in 2007. 

II. PPU Specifications 

The PPU was designed to operate from two separate inputs. The high power bus (HPB) can operate at 
a range of 80 to 160 V D c and provides power for all PPU outputs. The low power bus (LPB) operates 
from a range of 22 to 34 V DC and is used exclusively for the housekeeping supply. 

Six power supplies generate the power for operating the thruster. A block diagram of the PPU and its 
electrical interface to the thruster is shown in figure 3. Four power supplies (beam, accelerator, discharge, 
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TABLE 1 . — PPU OUTPUT REQUIREMENTS 



Beam 

Accelerator 

Discharge 

Neutralizer 

Keeper 

Discharge 

Cathode 

Heater 

Neutralizer 

Heater 

Output 
Voltage, V 

275 to 1800 

-(H5 to 525) 

15 to 35 

8 to 32 

3 to 24 

3 to 12 

Output 
Current, A 

1.00 to 3.53 

- (0 to 40) mA 
0.4 A surge for 
100ms 

4 to 24 

1 to 3 

3.5 to 8.5 

3.5 to 8.5 

Regulation 

Mode 

Voltage 

Voltage 

Current 

Current 

Current 

Current 

Line/Load 

Regulation 

2 2.5% 

2 2.5% 

2 2.5% 

2 2.5% 

2 2.5% 

2 2.5% 

Output 

Ripple 

2 5% 

2 5% 

2 5% 

2 5% 

2 5% 

2 5% 

Igniter 

Pulse 



750±100 V 
3 10 jus 
3 10 Hz 
3 150 V/gs 

750±100 V 
3 10 gs 
3 10 Hz 
3 150 V/gs 




and neutralizer keeper) are needed for steady state operating while two additional heater supplies 
(neutralizer and discharge cathode heaters) are only used during thruster startup. The most important of 
these power supplies is the beam supply as it processes up to 93 percent of the thruster power at voltages 
as high as 1800 V DC . In combination with the accelerator supply, it is used to bias the thruster grids and 
produce thrust by accelerating the ions generated by the discharge supply. Finally, the neutralizer keeper 
supply provides a path for electrons to neutralize the ion beam. Table 1 summarizes the output 
requirements for the PPU. 

The PPU is also required to exchange digital telemetry and power supply output control functions 
with the DCIU simulator. It also contains under- voltage and over-voltage lockout that turn-off the PPU in 
the case of anomalous input voltages on either power bus. In addition, it contains neutralizer and 
discharge current interlocks that inhibit operation of the high voltage (beam and accelerator) power 
supplies if cathode currents are not present. Finally, it includes recycle controls that sequence the high 
voltage supplies in case an over-current condition is detected in the beam supply. 
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III. PPU Design 

A. Improvements Over SOA 

The NSTAR system successfully demonstrated viability of ion propulsion as primary propulsion in 
the Deep Space 1 (DS-1) mission (ref 10). Subsequently, it was selected as primary propulsion for the 
Dawn mission (ref 1 1). However, in the process of fabricating the Dawn PPUs, a number of design issues 
were discovered (ref 12). The NEXT project took the initiative of addressing many of these issues since 
elements of the NEXT PPU come from the NSTAR design. These improvements discussed below, 
enhanced performance and will simplify integration of the NEXT PPU with a spacecraft in the future. 

The PPU was designed with a modular approach so it can be easily adapted to a variety of mission 
requirements with minimum performance impact and nonrecurring cost. The design has been under 
configuration management at L-3 and up-to-date detailed documentation has been generated, including 
electrical and mechanical schematics, assembly drawings, work instructions, part lists, and test 
documentation. The number of subassemblies within each module was minimized by installing power 
semiconductors with other circuits like gate drives and control functions on the same printed wiring 
boards (PWB). Arrays of vias conduct the heat away from the semiconductors to aluminum heat sinks on 
the opposite side of the PWB. These heat sinks provide a heat path to the PPU baseplate. Connectors were 
used for low voltage control and telemetry signals between modules. All these changes result in improved 
manufacturability and reduced recurring cost. 

Some improvements were made in terms of parts selection for the NEXT EM PPU. No special parts 
and only current surface mount packages were used. Also, power semiconductors and magnetics types 
were minimized. The metal oxide semiconductor field effect transistors (MOSFET) used for all the power 
converters are available as single event effect (SEE) radiation-hardened parts. 

Several improvements impacted circuit design of the power converters and other circuits. The NEXT 
PPU design includes an innovative beam supply that provides improved performance through wide input 
and output voltage ranges and better scaling capacity. The modular beam supply uses an innovative 
topology with dual controls, independent module addressing, and a high-current mode that delivers higher 
efficiency through a larger operational range. The switching frequency of all power converters was 
increased to 50 kHz to reduce size of power transformers and input and output filters. In addition, the 
returns of the input busses were electrically isolated to conform to JPL spacecraft requirements. Balanced 
EMI filters were used to reduce conducted emissions on the power returns. Also, a volt-second clamp 
circuit was added to the power converters to protect them from transformer saturation. Finally, the slice 
design was updated and, because of added capability and limitations in the speed of the DCIU simulator 
interface, the recycle control function was moved to the slice allowing a faster response time. 

The EM PPU was designed to passively reject most waste heat by conduction to its baseplate. Some 
conduction to the cover is allowed. The EM PPU was designed to operate over a baseplate temperature 
range of -20 to 65 °C that will be used for qualification levels. This is an improvement over the NSTAR 
PPU that has an upper temperature limit of 50 °C (refs. 12 and 13). Two photographs of the EM PPU are 
shown in figure 4. Its dimensions are approximately 40.9 by 51.1 by 14.0 cm with a volume of 
29,200 cm 3 . Its mass is 33.8 kg for a specific mass of 4.9 kg/kW, which is a 18 percent improvement over 
the NSTAR PPU. The NEXT EM PPU contains less than 4,900 parts for a 6.9 kW of output power for an 
specific parts count of 695 parts/kW. If the design is scaled to an output power level of approximately 
2.3 kW, by removing four beam modules, the parts count decreases to approximately 3,000 parts. The 
NSTAR PPU contained approximately 2,500 at 2.3 kW of output power for 1,086 parts/kW. Most of the 
500 additional parts in the NEXT design are related to the beam supply design and its variety of features 
to improve performance and flexibility. 
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Figure 4. — NEXT engineering model PPU. 



Figure 5. — Beam module. 


B. Beam Supply 

The beam supply consists of six power modules and a master control module. The power modules use 
an innovative phase-shift/pulse-width modulated dual-bridge topology that is capable of efficient 
operation throughout a very wide range of input and output voltages (ref. 14). The modules operate in 
parallel while the master module controls their operation. A module addressing circuit, controlled by the 
DCIU, selects the number of operational beam modules. At lower power conditions, modules can be 
turned off to increase efficiency of the beam supply because the housekeeping power consumption is 
reduced and also the remaining modules can operate closer to optimum load conditions. Also, a current- 
share circuit balances the current out of each operational beam module. The synchronization of the 
operational modules is distributed by staggering the clock signals. This inherently reduces ripple on the 
input and output of the beam supply and helps reduce the size of the input filter. Another feature of the 
beam supply topology is the capability of operating in a high-current mode where it can output twice the 
rated current. This mode is operational when the converters operate in pulse-width mode at beam outputs 
voltages below 1000 V DC . 

Each beam module consists of two main assemblies. A photograph of a beam module is shown in 
figure 5. The power/regulator assembly contains the primary MOSFETs, input filter, and control circuits. 
The high voltage assembly contains two power transformers and six output rectifier stages to generate up 
to 1800 V DC . Each module can output up to 0.67 A DC when operating in phase-shift mode and 1.34 A DC in 
high-current mode. 
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Figure 6. — Discharge supply. 


Figure 7. — Quad supply. 


C. Discharge Supply 

The NEXT discharge supply is required to process 50 percent more power than the NSTAR discharge 
supply. It uses the same hard- switched, full-bridge topology with current-mode PWM control to regulate 
the output current from 4 to 24 A DC in a single module. It also includes the pulsed igniter circuit 
developed for NSTAR that uses the output of the supply to power a flyback circuit using autotransformer 
action integrated with the output inductor (ref. 15). 

The discharge supply consists of three assemblies. A photograph is shown in figure 6. The power 
assembly contains the primary MOSFETs, drivers, and input filter. It is mounted directly on the baseplate to 
reject heat effectively. Next to it is the control assembly that contains the PWM control circuit. The high 
voltage assembly contains the power transformer, output inductor, igniter, and output current sense PWBs. 

D. Quad Supply 

The remaining power supplies required to operate the thruster provide very low power (accelerator 
and neutralizer keeper) or are only used to start the thruster (neutralizer heater and discharge heater). The 
NEXT breadboard PPU used a similar topology to the one developed for NSTAR. These power supplies 
were combined in one power converter based on a full-bridge topology where the top MOSFETs were 
shared by all the power supplies (ref. 15). However, for the EM PPU, it was decided to change the 
transistor arrangement so the power supplies shared one leg of the bridge. This eliminated the need of 
sixteen current steering diodes on the power stage of the converter and improved module packaging and 
reliability. This was thought to be a simple variation on the design. However, after a failure of the keeper 
supply during PPU testing and a thorough investigation, it was discovered that mismatches between 
MOSFETs, gate drive, and control circuits could trigger an unusual failure mode in the power transistors 
at high input voltages. Additional adjustments were required to preclude this failure mode, and the PPU 
has been limited to input voltages between 80 to 120 V to reduce risk. It was decided to revert to the 
breadboard design in the following iteration of the PPU design. 

The quad supply consists of six main assemblies. A photograph of a quad module is shown in 
figure 7. The control assembly contains the control circuits for the four power supplies. The power 
assembly contains the primary MOSFETs, gate driver, transformers, and input filter. Four individual 
output assemblies, one for each output, contain the output diodes and filters. The neutralizer keeper output 
subassembly also includes a pulsed igniter circuit similar to the one used in the discharge module. 
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Figure 8. — Housekeeping PWB. 


Figure 9. — Slice P WB. 


E. Housekeeping Supply 

The housekeeping supply provides multiple functions to the PPU. It generates power for the internal 
control and telemetry circuits as well as clock signals for control functions. Also, it contains the square- 
wave oscillators for transductors used to measure several DC currents. The housekeeping supply operates 
at an input of 22 to 34 V DC for the NEXT application but is capable of operation at inputs as high as 
60 V DC . The housekeeping supply is built in a single PWB assembly, shown in figure 8. 

F. Slice 

The slice allows the PPU to communicate with a DCIU simulator computer through an RS-485 
interface. It contains analog-to-digital converters for telemetry, digital-to-analog converters for control 
setpoints, and current sources for six thermistors located at various point in the PPU. The slice monitors a 
recycle fault flag from the beam supply and maintains a recycle counter. All slice functions are controlled 
by a central field programmable gate array (FPGA). The slice is built in a single PWB assembly and is 
shown in figure 9. 


G. Other Modules 

The PPU has an input filter assembly that contains the EMI filters for the HPB and LPB. The LPB 
filter consists of a balanced, 4-pole, low-pass, L-C filter. The HPB filter consists of a balanced, 2-pole, 
single-stage, low-pass, L-C filter. An unbalanced, 2-pole stage is located on the input to each power 
converter for additional attenuation. The PPU input current sensor is also located in the input filter 
assembly. Two PWB assemblies contain the LPB input filter and the HPB filter capacitors. 

The output module, shown in figure 10, contains high-voltage vacuum relays that switch the PPU 
outputs between two thrusters. It also contains a high current relay that switches the output of the 
discharge supply across the thruster grids to clear shorts caused by debris. Both of these functions are 
controlled by the DCIU simulator and can only be exercised while all outputs are disabled. In the grid 
clear function, the magnitude of the current can be selected to any value within the capability of the 
discharge supply and the pulse duration is operator controlled. One PWB assembly in the output module 
contains all the relay driver circuitry. 
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Figure 10. — Output module. 


IV. Performance Test Results 

A bench top, resistive load performance test was conducted at L-3, in three phases, to verify the 
electrical performance and functionality of the PPU. The first phase tested each individual power supply 
through its entire operational range. In the second phase of testing, the PPU was operated at a variety of 
thruster operating conditions with increasing beam voltage and power and characterized operation of the 
recycle function by short-circuiting the outputs of the high voltage supplies. The last phase tested 
functions like grid clear, igniters, interlocks, and input protection. 

A. Module Performance 

All the modules that provide power to the thruster demonstrated full output range performance 
including margin. The neutralizer keeper supply met the 2.5 percent regulation requirement while all 
other supplies did better than 1.0 percent. The discharge supply output current ripple met the 5.0 percent 
requirement while all other supplies did better than 1.0 percent. The stand-by housekeeping power 
consumption is less than 13.4 W. At 0.5 kW and 1 beam module it is 16.5 W and increases during 
operation with the number of operational beam modules up to a maximum of approximately 27.6 W with 
six beam modules. 


B. Efficiency 

Input and output conditions were measured while simulating thruster operating conditions to calculate 
efficiency of the EM PPU. It was attempted to match operating conditions as much as possible. However, 
a limited number of available resistive test load settings caused variations. Power efficiency was 
calculated as the ratio of the total output power and the HPB power. Losses associated with the 
housekeeping supply, slice, and internal controls are included in the total efficiency calculation. Total 
efficiency was calculated as the ratio of the total output power and the sum of the HPB and LPB power. 
Table 2 shows the results of this test done at a nominal input of 100 V and a baseplate temperature of 
approximately 30 °C. The EM PPU demonstrated a power efficiency of 94.5 percent and total efficiency 
of 94.1 percent at 6.8 kW. Above 2.3 kW, power and total efficiencies stayed above 93.0 and 
92.2 percent, respectively. At 0.5 kW, power efficiency was 85.1 percent while total efficiency was 
82.6 percent. Efficiency drops at low power conditions because the housekeeping, discharge, neutralizer 
keeper, and accelerator supplies, each significantly less efficient than the beam supply, become a larger 
fraction of the total output power. Also, at low power, the beam supply operates at lower output voltage 
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TABLE 2.— EM PPU EFFICIENCY AT SIMULATED THRUSTER CONDITIONS AND HIGH POWER BUS AT 100 V 


Operational 

Beam 

Modules 

Beam 

Accelerator 

Discharge 

Neutralizer Keeper 

Power, W 

Efficiency, % 

Voltage, 

V 

Current, 

A 

Voltage, 

V 

Current, 
in A 

Voltage, 

V 

Current, 

A 

Voltage, 

V 

Current, 

A 

Output 

House- 

keeping 

Power 

Total 

6 

1800 

3.480 

-249 

-40.4 

25.17 

19.62 

10.94 

3.15 

6803 

27.6 

94.5 

94.1 

6 

1799 

1.217 

-249 

-40.4 

27.74 

8.48 

10.48 

3.04 

2466 

27.2 

94.3 

93.3 

2 

1799 

1.219 

-249 

-40.4 

27.68 

8.48 

10.51 

3.05 

2470 

18.7 

94.0 

93.4 

6 

1566 

3.032 

-233 

-37.8 

25.09 

18.41 

10.76 

3.10 

5251 

27.4 

94.2 

93.8 

6 

1397 

2.713 

-219 

-35.5 

24.30 

16.62 

10.62 

3.06 

4234 

27.3 

94.1 

93.5 

4 

1180 

2.295 

-199 

-32.3 

23.70 

15.10 

10.50 

3.03 

3104 

23.5 

93.6 

92.9 

4 

1021 

1.893 

-175 

-28.4 

24.30 

13.63 

10.44 

3.02 

2301 

23.4 

93.0 

92.2 

1 

650 

1.210 

-144 

-23.3 

25.95 

9.59 

10.48 

3.04 

1071 

16.6 

89.7 

88.4 

1 

276 

0.808 

-500 

-80.9 

22.00 

8.07 

10.43 

3.03 

472 

16.5 

85.1 

82.6 



Output Power, W 

Figure 1 1 . — Comparison of efficiency and power dissipation of NEXT versus NSTAR PPU at 100 V input. 

and PWM mode, which is less efficient. The graph in figure 1 1 compares the power efficiency and power 
dissipation in a NEXT PPU against up to three NSTAR PPUs operating simultaneously to process an 
equivalent amount of power. At low power conditions, between 0.5 and 2.0 kW, the NSTAR PPU is more 
efficient than the NEXT PPU. This is due to the NEXT PPU being in a 14: 1 power throttle condition 
versus a 5:1 for the NSTAR PPU. However, this results in less than 20 W of additional power dissipation. 
Above 2.0 kW, the NEXT PPU is more efficient than the NSTAR PPU and almost 3 percent at 6.9 kW. 
This represents an additional 190 W of power dissipation that a spacecraft thermal rejection system would 
have to manage. This could result in a significant impact on spacecraft mass. 


C. Recycle Control and Fault Protection 

Figure 12 shows how the PPU outputs are sequenced during a recycle. When an over-current 
condition is detected, the high voltage supplies (beam and accelerator) are turned off and the discharge 
current is reduced to a “cutback” level. After approximately 400 ms, the high-voltage is restored ensuring 
the accelerator supply leads the beam supply to avoid electron back-streaming. After the beam voltage is 
restored, the discharge current is released from the cutback level and slowly ramps-up to complete the 
sequence. The neutralizer keeper current remains constant during the entire event. Recycles were very 
repeatable regardless of operating conditions. The grid clear, interlocks, and input voltage protection 
functions performed according to the requirements. 
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D. Output Control and Telemetry 

Telemetry and setpoint displays at the DCIU simulator were calibrated by individually running each 
power supply over its operational range. However, the accuracy was affected by apparent noise and 
offsets generated during simultaneous operation of the power supplies. The EM PPU will be re-calibrated 
using a modified procedure to compensate for these effects. 

E. Planned Testing 

After completion of the bench-top test, the PPU will be shipped to GRC for an integration test with an 
EM thruster. In this test, the PPU will be operated at a variety of conditions and power levels. Data of 
operating conditions, recycles, and output ripples will be collected to validate functionality of the PPU on 
a thruster load. After that the EM PPU will be sent to L-3 to undergo qualification level environmental 
tests including vibration, EMI/EMC, and thermal/vacuum. 

V. Summary 

Fabrication and bench-top testing of an EM PPU for the NEXT project was completed. This unit 
includes many innovative features to improve operational range, efficiency, flexibility, manufacturability, 
and cost over SOA PPUs. The EM PPU successfully demonstrated functionality during a bench-top 
performance test and closely met its performance goals. It is ready for a subsequent integration test with 
an EM thruster at GRC taking the NEXT ion propulsion system one step closer to maturity and becoming 
the choice for future NASA planetary missions. 
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